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Kurzzusammenfassung

In dieser Arbeit wird die Entwicklung eines Mehrskalen-Modells eines Vanadium Redox-Flow-
Batterie Stacks beschrieben. Das Modell besteht aus einem Mikro- und einem Makro-Modell
und ermoglicht die Bewertung von verschiedenen Stack-Designs. Das Mikro-Modell wird in
COMSOL implementiert und simuliert eine einzelne Zelle auf mikroskopischer Ebene. Das
Makro-Modell wird in Matlab Simulink implementiert und kann benutzt werden um eine
beliebige Anzahl Zellen in beliebiger elektrischer Verschaltung auf makroskopischer Ebene
zu simulieren. Eine abschliefende Bewertung des Modells ergibt, dass es zur Auslegung von

Stacks geeignet ist.
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Abstract

In this thesis the development of a multiscale model of a vanadium redox flow battery stack is
described. The model consists of a Micro- and a Macro-Model and allows the evaluation of
different stack designs. The Micro Model is implemented in COMSOL and simulates a single
cell on a microscopic level. The Macro Model is implemented in Matlab Simulink and can be
used to simulate any number of cells in any electrical connection on a macroscopic level. An

evaluation of the model shows, that it is suitable for the dimensioning of stacks.
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1 Introduction

Electricity generation from renewable energy sources has risen considerably in the last
two decades. The worldwide generation of eletricity by wind grew from roughly 31000
GWh in 2000 to 1127000 GWh in 2017, while solar photovoltaic generation grew from
994 to 444000 GWh in the same time period [I]. International agreements like the Paris
Agreement emphasize the focus on renewable energy sources in order to reduce CO2
emissions. Thus, it can be expected that these numbers will continue to grow. However,
power generation from wind or solar sources is dependent on weather conditions and
therefore volatile.
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Figure 1.1: Power generation and consumption in Germany over the course of one week
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Figure shows the power generation and consumption in Germany over the course
of one week [2]. The volatile nature of solar (in yellow) and wind (blue) power generation
is clearly visible. A customized energy storage is crucial to use these renewable energy
sources to their full extent. Among them are pumped hydro, compressed air energy
storage or batteries. While the former two are dependent on geographical features, bat-
teries can be set up nearly everywhere. Many variations of the battery can be considered
to be technologically mature. However, concerns regarding reliability, cycle life, energy
density, cost or safety remain and hinder a wider application of batteries in stationary
storage applications. Redozr Flow Batteries (RFB) have the potential to overcome these



challenges.

1.1 State of the Art

1.1.1 Redox Flow Batteries

The Redox Flow Battery is a type of battery that combines high cycle life expectancy,
safety, environmental compatibility, scalability and performance and is therefore a po-
tential candidate to solve the aforementioned issues. A RFB is an electrochemical energy
converter. Its basic setup is shown in figure As can be seen in the figure (taken
from the work of Arenas [3]), it consists mainly of two electrolyte cycles and a conver-
sion unit. The conversion unit consists of two half cells, negative and positive, which
are connected to each other via electric wiring and separated from each other by an
ion permeable separator, often in the form of a membrane. Each half cell features an
electrode. The two electrolyte cycles both consist of a tank and a pump, which are
connected to each other and to the respective half cell via piping. Redox couples are
dissolved in the electrolyte. The electrolytes can be charged by applying electricity to
drive the non-spontaneous redox reactions of the dissolved species, which take place at
the electrode-electrolyte surface. Discharge is also possible: in this case the reactions
take place spontaneously in the reverse direction, which releases electricity.
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Figure 1.2: A classical RFB system, showing a divided cell, electrolyte recirculation to
holding tanks and electrical controls as found in the work of Arenas [3]



The big advantage of the RFB is, that the power of the system is not equal to its energy
capacity, as the latter is stored in the electrolyte and depends on the electrolyte volume
and the concentration of the active species. This makes scaling possible. In combination
with their decreasing cost with larger scale, their relatively low energy density, the fact
that they produce no pollution emissions and their capability to operate at ambient
temperature and pressure, RFBs are well-suited for medium- and large-scale energy
storage [3].

Single RFB cells are usually connected electrically to form modules, which are in turn
connected to stacks. The stacks use a common electrolyte reservoir and are electrically
connected to the power grid.

1.1.2 All Vanadium Redox Flow Batteries

There are many different redox couples, which were tested in RFBs: Fe-Ti, Fe-Cr or
Zn-Br are just exemplary pairings. However, none of the pairings appears as promising
as the All-Vanadium Redox Flow Battery (VRFB), proposed by Maria Skyllas-Kazacos
in 1984. True to its name, it utilizes four different oxidation states of vanadium, which
circumvents the negative effects of cross-mixing of the electrolytes. [4].

Figure [I.3] shows a schematic illustration of the VRFB. It follows the classic setup
of RFBs: two electrolyte cycles with a conversion unit, separated by an ion exchange
membrane. The negative electrolyte consists of V2 /V3t vanadium ions, while the
positive consists of VO**/ VO; vanadium ions, which are also often referred to by
V4+ /V5+. Both of them are dissolved in aqueous solutions with added sulfuric acid in
order to increase ionic conductivity. A porous graphite electrode in conjunction with
a current collector (CC) is used in each half cell. The electrolyte flows through the
electrode. Choosing a porous structure increases the electrode surface, which in turn
increases the reaction surface for charging or discharging, as the reactions take place
at the electrolyte-electrode interface. Electrons are transported from one half cell to
the other by connecting the electrodes to a current collector and connecting the current
collectors to each other.

As the cell is charged, V31 is reduced to V2% at the negative electrode for a standard
potential of E2 = —0.26V (against the standard hydrogen electrode SHE), while VO?*

neg —
oxidizes to VOJ at the positive electrode for a standard potential of Eggs = 1.00V
vs SHE. To maintain the conservation of charge, H"-ions are transferred through the
ion exchange membrane. When discharging, the reactions are proceeding in reversed

direction.

V3+ te~ % V2+ (1‘1)
discharge
h
VOt + HyO =——= VOI + e~ +2H" (1.2)
discharge

Both partial reactions contribute to a total potential of the cell of E?Su =1.26V.
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Figure 1.3: A schematic illustration of the All Vanadium Redox Flow Battery, taken
from the work of Ressel [5]




1.1.3 StaTuR

The dominating cell geometry for VRFBs is the planar cell, shown in figure A. Two
electrodes are separated by a membrane. Flow frames transport the electrolyte to the
electrodes. All the components are fabricated in a sheet-like geometry. Planar cells can
be stacked in a bipolar manner, which allows the easy fabrication of modules. However,
only serial connection is possible with the bipolar approach. Additionally, manufacturing
costs remain high for this geometry.

The goal of the project StaTuR is to develop a stack of tubular VRFBs [6]. Figure
B shows the geometry. The components from the inside to the outside are: inner
current collector, inner electrode, membrane, outer electrode and outer current collector.
The tubular geometry might allow to produce the components via extrusion, possibly
reducing manufacturing costs. As the cell only has to be sealed at the ends, the sealing
length is also reduced significantly. Additionally, abandoning the bipolar approach allows
for the electrical parallel connection in addition to the serial connection. By using the
parallel connections, parasitic shunt currents, which are a major loss source for big serial
stacks [7] could be prevented. Extensive studies on the tubular design were carried out
by Simon Ressel [5].

Flow Frames

Membrane

A

Figure 1.4: Comparison of the planar geometry (A) to the tubular geometry (B) [8]

1.2 Aim of the Thesis

The aim of this study is to develop a design tool for an All Vanadium Redox Flow Battery
Stack, which allows to compare different module designs quantitatively. Therefore, two
models are developed: a Micro Model in COMSOL Multiphysics and a Macro Model in



Matlab Simulink.

The Micro Model will be capable of simulating a Redox Flow Battery Cell on a micro-
scopic scale, based on existing literature models (see the works of Knehr [9], Gandomi
[10] or Nix [11]). To simplify the model, the geometry of the cell will be two-dimensional
planar, derived from the tubular geometry of the cells described beforehand.

The Macro Model will be capable of simulating a variable amount of All Vanadium Re-
dox Flow Battery cells. While several stack models already exist (see the works of Moro
[12], Koenig [13], Wandschneider [14], Xing [I5] or others), none of them combines the
following characteristics. All major overvoltages (activation, concentration and ohmic)
in the cells will be considered. The cells can be connected electrically in serial, in parallel
or in a combination of both to form modules. Hydraulically, the cells will be connected
in parallel by pipes containing the electrolyte. To emphasize the design aspect of the
model, the performance of a cell will be defined by either design parameters, actual
measurements or by results of the Micro Model (thus requiring an interface between the
two models). Furthermore it will be possible to assign different performances to each
cell, representing variation in manufacturing quality. The model will provide outputs,
which are suitable for the comparison of different module designs.

1.3 Thesis QOutline

The second chapter of the thesis will clarify the fundamentals needed to understand a
VRFB and develop a model of it. In a first section, the electrochemical principles are
stated, followed by hydraulic principles. The third section contains information on the
modeling of VRFB modules or stacks. It features brief overviews of selected models from
literature.

In the third chapter, a brief overview of the two developed models is provided. The
division into the two models is clarified and crucial design aspects of the models are
mentioned.

The fourth chapter will discuss the developed Micro Model in detail. After clarifying
the assumptions, each one of the three domains of the model is described through the
applied equations. The remaining boundary conditions needed to fully describe the
model are explained in the last section of the chapter alongside the in- and outputs.

Chapter five contains the modeling of the Macro Model. The first section provides
an overview of the Macro Model and the data flows that take place in it. After that,
each part of the model is discussed in detail, regarding the questions of why the part is
needed and how it was implemented in the model. The resulting outputs complete the
chapter.

Results of both models are shown in chapter six. In order to prove its validity, selected
parts of the Macro Model are compared to analytic calculations or, if possible, to results
from literature models or measurements, that were conducted within the working group.
The results are discussed.

The last chapter of this work provides a conclusion and suggests possible extensions
to the model.



2 Fundamentals

In order to develop a model of a All- Vanadium Redox Flow Battery, it is necessary to state
the fundamental processes. The processes leading to the energy conversion in a RFB are
described by the principles of electrochemistry. Electrolyte has to be transported to the
cell, therefore hydraulic principles have to be discussed as well. The last section of the
chapter will provide an overview over the methods and principles to combine multiple
cells into stacks.

2.1 Electrochemistry

2.1.1 Chemical Reactions

A chemical reaction which involves the shifting of electrons is either called an Oxidation
or a Reduction. In the case of an Oxidation, electrons are released while in the case of
a Reduction electrons are received, see formula z describes the number of involved

electrons. et
Ox+2 0 e Red (2.1)

oxidation

In order to move one or more electrons from one reaction partner to another, Oxidation
and Reduction are coupled in a so called Redox system. Electrochemical cells use Redox
systems to convert chemical energy into electrical energy or vice versa. A cell consists
of two half cells. Each half cell contains an electrode immersed in electrolyte. Electrons
can move from one electrode to the other through electrical wiring. Ions are transported
through the electrolytes. The electrolytes are often separated by a semi-permeable mem-
brane, which allows only certain species to cross through it. The chemical reactions take
place at the electrolyte-electrode boundaries. The electrode which is releasing electrons
is called the anode while the electrode which is receiving electrons is called cathode.

In the case of an all vanadium redox flow battery, V2*/V3+ and VO*'/VOJ redox
couples are used as electrolyte in the negative and positive half cell, respectively. The
active substances are dissolved in aqueous solutions. In order to further enhance the
ionic conductivity sulfuric acid is used as a supporting electrolyte. This results in the
following two reactions, for the negative half cell and for the positive half cell.

h
V3+ e~ _charee | V2+ (2‘2)
discharge
h
VO?t + HyO =——= VOF + e~ +2H" (2.3)
discharge



The ratio in which the different species are consumed or produced is described by
stoichiometric factors ;. The stoichiometric factors of each vanadium species in the
reactions taking place in the VRFB for example are 1, see [2.2] and

Yo A+9B — 9cC+9IpD (2.4)

2.1.2 Faraday’s Law

The amount of electric charge () needed to separate the molar amount n of a z-valant
ion is described by Faraday’s law, see equation It uses the Faraday constant F,
which is a proportional constant. The Faraday constant is defined as the amount of
charge according to 1 mol of electrons (see equation [2.5). Therefore it is the product of
the elementary charge eg and the Avogadro constant Ny.

As

= . N = F = 4 _— 2.
1mol oA 96 85m0l (2.5)

Q=n-z-F (2.6)

2.1.3 Thermodynamics

Using the first and second law of thermodynamics, one can derive that the maximum
non volume work of a thermodynamic system at constant pressure and temperature is
equal to the electrical work of an electrochemical cell.

W, = AG (2.7)

The Gibb’s Free Enthalpy AG can be calculated from the reaction enthalpy AH and
entropy AS, which in turn can be calculated from the stoichiometric factors of the
respective chemical reaction (see equation [2.4]).

AG = AH —TAS (2.8)

Wy=—z-F-E% (2.9)
0

E% = —AZ? (2.10)

By utilizing Faraday’s law (equation , the standard potential E% of a redox, metal/
metal ion or gas electrode is defined in equation AG" is the Gibb’s Free Enthalpy at
a set of defined standard conditions: Ty = 298.15K, pg = 101300Pa and ¢y = 1000%‘;}.
As potentials can not be measured directly, the potentials are listed against a defined
electrode, usually the Standard Hydrogen Electrode or SHE. It’s potential is defined as
ov.



2.1.4 Cell Potential

The Cell Potential E..; of an electrochemical cell is obtained by the potential difference
of its electrodes. Therefore, the standard cell potential ngu can be obtained by:
00 00 00
Ecell = Epos - Eneg (2'11)
However, this potential is only valid for the aforementioned standard conditions. If the
temperature, pressure or concentration parameters defer from the standard conditions,
a correction is necessary. This correction term is called the Nernst Potential and is
utilized in the Nernst Equation.

9
RT  a/°®
Egeg,pos = Eggg,pos + F ln% (2.12)
A Red

As can be seen in equation the potential of a electrode at non-standard condi-
tions Egeg,pos is equal to the standard electrode potential E°° modified by a correction
term, with a; being the activity of the species i, participating in the respective chemical
reaction.

The activities are not measurable. For a diluted solution though, it is possible to set

the activity coefficient f; of species i to be 1 [16].
ai=fi ¢ (2.13)

The approach used in this work however, is to assume constant activity coefficients.
If their impact on the electrode potential is incorporated into the standard electrode
potential, one can derive the formal standard electrode potential Egg;m [17]. The
Nernst Potential in the Nernst Equation is now only dependent on the concentrations.

ﬁOz
B =g BTy con (2.14)
neg,pos neg,pos ~F I Red :
CRed

For the VRFB the Nernst Equation of the whole cell, which is often denoted as the
Open Circuit Voltage or OCV, becomes this (see the reactions stated in equations

and .

+ 2
. RT Cyrot - Cy2+ - (c
00V = B% + "2 | 22 (i)
zF Cy o2+ - Cys+

(2.15)

An additional potential arises from the difference of the proton concentrations on each
side of the membrane which separates the two half cells. By incorporating this potential,
the Donnan Potential, into the Nernst Equation, we derive the complete Nernst Equation
for the Vanadium Redox Flow Battery [1§].

+ )2, .+
oo RT Cvo;'cV2+'(CH+) “CH+

OCV =FE —1 2.16
cell+ ~F n ( )

Cyo2+ * Cys+  Cppy



2.1.5 State of Charge and Concentrations

The state of charge (SOC) of an All-Vanadium Redox Flow Battery is a value that
indicates the remaining amount of energy in the electrolytes. If the electrolyte is fully
charged, its SOC will be at 100 percent, while it will be at 0 percent, if fully discharged.
The state of charge can be calculated by simply relating the charged vanadium species
(V2+ and VOY) to all vanadium species in the respective electrolyte.

Cv2+

SOCeq = (2.17)

Cv2+ —+ Cv3+

“vof

SOC)0s = (2.18)

Cy o2+ + CVO;r

The second interesting concentration is the H T-concentration. It depends heavily on
the method of the electrolyte formation and the concentration in both half cells will
differ. The following equations are derived from the formation process of V3.5. cucid
describes the total concentration of sulfuric acid and Vit meq /pos the total concentration
of vanadium in the negative or positive electrolyte. 3 is a factor that is based on the
formation process [19].

_ 1
CH+ (SOCneg) = <CaCid - 4CVtot,neg> : (1 =+ B) + SOCneg : CVtot,neg P (1 + ﬁ) (219)

1 1
CIJ’_}+ (SOC])OS) = <CaCid + 46‘/tot,pos> ' (1 + B) + SOCPOS ’ C‘/tot,pos "5 (1 + 5) (220)

2

2.1.6 Transport Processes

The movement of a charged ion and therefore the mass transport in a electrochemical
cell is influenced by three main factors. While a chemical reaction takes place, a concen-
tration gradient will form within the cell, leading to Diffusion. With the development
of electrical fields, the second effect resulting in a mass transport occurs: Migration.
Finally, the electrolyte, which is pumped through the cell will lead to Convection. Com-
bining these three factors results in the Nernst-Planck equation, describing the molar
flux ]\7z of the ionic species 7 in a dilute solution:

N; = =DV e; — ziuic; FN @) + Tjeq (2.21)

D; T is the effective diffusion coefficient in porous media of species ¢, ¢; denotes the
concentration of species i, z; is the charge number of species 4, u; is the ion mobility of
the species i, ¢; denotes the electric potential in the electrolyte and ¥/ is the velocity of
the electrolyte j.

10



2.1.7 Reaction Kinetics

Reactions in a RFB cell take place at the electrolyte-electrode interface, at which a
electrolyte double-layer will form. Under the assumption that the transport from the
bulk electrolyte to the double-layer and vice versa happens fast, the speed of the reactions
only depends on the reaction kinetics. The reaction rate r is defined as the product of
the chemical reaction rate & (unit: %) and the concentration of the educt cg:

r=k-c% (2.22)

By applying Faraday’s law (see equation , the current density per electrode area
Joxrea for an oxidation or a reduction becomes obvious:

Jox =2 F koy - oy (2.23)

Jred = =2 F - kpeq - ng (224)

Both of these reactions happen at the same time. By adding them both up, we obtain
the total exchange current density j. Note that, in case of a VRFB, the stoichiometric
factors are all 1 (monovalent reactions).

7= Jox +jred:Z'F'kox'Cred_Z'F'kred'Cox (2-25)

As we have already established, no net current flow exists at standard potential. There-
fore, the total current density jo at standard potential is:

jO = jOJ: + jred =0 (226)

Current densities vary with electrode potential. Consequently, the reaction rate con-
stants k have to depend on the potential. Under this assumption, we can modify equa-
tions and The charge transfer coefficient « is introduced. It describes the
change of the activation energy with the free enthalpy of reaction and has to have a
value between 0 and 1 for monovalent reactions. The symmetry factor of the reduction
can thus be defined to be 1 — a.

joz =z-F- kg$ * Cred * eaéz"FE (227)
(1—a)-z-F
jred:_Z'F'k?ed'com'e R-T E (2.28)

By defining the activation overpotential 7,.(j) = E(j) — E°, the current density can
be modified to:

Jow =2 F kS - Crea (eaﬁ'TFEOO + e“ﬁ%%ct(ﬂ) (2.29)
(1—a)-2-F (1—a)-z-F .
Jred = —2 - F k24 Cop - (eiTEOO - eiT"‘“‘(]O (2.30)

By utilizing equation the exchange current density is obtained:

; a-z-F 1200 _(1—0)-2-F 00
Jo=2-F kS -Croq-e RTE =2 F k0 - Cop-e” BT T (2.31)

This results in the Butler-Volmer Equation:

az . _(-o)zF . 1
j=1Jo- [e(Rﬁ‘”act(J)) — e( S nad(]))} (2.32)

11



2.1.8 Concentration Overpotential

The former formulation of the Butler-Volmer equation is valid if the mass transfer of
the reactant from the bulk-electrolyte to the double-layer is reasonably fast. However,
from the definition of mass transfer (see equation , we can see that the transfer
is dependent on the effects of Migration, Diffusion and Convection, and is therefore
limited. A layer with a concentration gradient forms in front of the double layer and a
concentration overpotential 7.0, has to be added to the activation overpotential:

1N = Nact + Neonc (233)

Now the concentration dependent Butler-Volmer equation can be obtained, with ¢ _, Jox

describing the concentration of the reactant or product at the electrode surface while
Cred/ox 15 the concentration in the bulk electrolyte, respectively [16].

S az S _(—a)zF
J=jo- Cred . o(5iFm) _ Cor (=15 n) (2.34)
Cred Cox

2.2 Hydraulics

Hydraulics-wise, the interesting relation for this work is the relation of pressure drop
Ap and volume flow rate V. In every flow carrying network the total pressure will differ
between two points. The difference in pressure is called pressure drop. It is caused by
the friction forces of the walls of the flow channel acting on the moving fluid. Pressure
losses are dependent on the flow velocity, the viscosity of the fluid and on the geometry
and roughness of the flow channel.

Darcy’s law describes that the amount of fluid V flowing through the cross sectional
area A is proportional to the hydraulic gradient 4. It is valid for laminar flow through
porous media.

— = ki (2.35)

The Darcy-Weisbach equation describes the pressure loss Ap = p; — po, where A is a
pipe coefficient, [ and d are the length and diameter of a pipe, p is the density of the
fluid, V is the volume flow rate of the fluid and A is the area cross-section of the pipe.

. 2
[ %4

The value of lambda depends on the Reynolds number and therefore on whether the fluid

flow is laminar or turbulent. For laminar flow lambda can be assumed to be A = 4

Re
= &ud (flow speed v and the dynamic viscosity of

with the Reynolds number being Re
the fluid p).
Another notation for this relation is the Hagen-Poiseuille equation. It describes the

pressure drop for laminar flow of an incompressible Newtonian fluid flowing through a
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pipe with a circular cross section.

.-l . 8. u-l . 128 - 11 -1
= K V= H .V_iu

-pd Ldd o cd4
Ter T % m-d

Ap vV (2.37)
p is the dynamic viscosity of the fluid, d and [ describe the geometry of the flow channel
and V is the volume flow rate of the fluid.

2.3 Stack Models

As the output of a single electrochemical cell is limited by the potential generated by its
governing chemical reaction, it is necessary to electrically connect multiple cells in order
to achieve outputs that are of use in industrial applications. Electrolyte is provided via
piping from tanks. The piping establishes a hydraulic connection between the cells.

Already in the 1980s it was discovered, that the hydraulic connection via electrolyte
leads to a parasitic side effect in a stack of flow batteries [20]. The electrolyte features
a electric conductivity, providing a different path for the electric current. This effect is
called shunt currents. The design of the piping impacts the amount of emerging shunt
currents. A model which investigates the tradeoff between shunt currents, pumping
power and cell performance was developed by Hagedorn [7].

The approach to quantify shunt currents in a model consisting of multiple cells con-
nected electrically in serial stayed the same even in recent models (for example Xing
[15] or Ye [21]): An equivalent circuit diagram is set up, which treats the ionic paths as

resistances (see figure [2.1).

Figure 2.1: The equivalent circuit diagram used to calculate shunt currents in the work
of Xing [15]

The ionic resistance R of a pipe is obtained by using the following equation, utilizing
the conductivity if the electrolyte o, and the length | and cross-sectional area A of the
pipe, as described in for example Xing [I5], Tang [22] or Koenig [13].
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The Models of Tang and Koenig describe the conductivity of the electrolyte depending
on its State of Charge, based on values from measurements found in own publications
(in the case of Koenig) or in literature (see the work of Skyllas-Kazacos [23]).

Models that connect cells in parallel are rare, as the common geometry, the planar cell,
doesn’t allow for that connection. The work of Moro [12] features a parallel connection,
but it consists only of two cells.
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3 Modeling Approach

This short chapter will describe the modeling approach taken to provide a rough overview
of the developed model.

3.1 Division into Micro and Macro model

It was decided to develop two models: a macroscopic one (Macro Model), which func-
tions as a design tool for the simulation of multiple cells organized into modules, and a
microscopic one (Micro Model), which allows a more accurate simulation of the electro-
chemical processes in a single cell. The focus of the work is set on the Macro Model.
The Micro Model is mainly developed to prove that an interface can be used to use the
results from the Micro Model within the Macro Model.

Both models share the design tool aspect. This means, that the cases which can
be simulated with them, can be quickly changed by altering design parameters, like
performance characteristics and setups. The aim is to provide a tool, which allows the
quantitative comparison of different VRFB modules.

3.2 Modularity of the Macro Model

3.2.1 Interchangeability of the Calculations

The calculations used in the Macro Model need to function as black boxes. This means
that inputs generate outputs dependent on boundaries or parameters. As long as the
inputs and outputs remain the same, the block could be swapped out with a different
block (with a possible alteration of the needed boundaries or parameters). This decision
was made to be able to increase or reduce the accuracy of specific calculations.

As the author can’t know which challenges might occur in the further development
of the tubular VRFB stack, the model has to be also kept in a way, that allows quick
extension. Choosing Simulink as the program makes adding additional components easy.

3.2.2 Data Basis

The performance of a cell is impacted by many factors like geometry, used materials, the
way of manufacturing or aging. Many of these factors can be quantified by parameters.
In order to be able to simulate a variety of different cells in the same setup, it was
decided to store the characteristic of the cells in a Lookup Table (LUT). LUTs are
basically multidimensional tables, that specify an output based on a combination of
inputs. The generation of the LUTSs is not part of the Simulink model, but is instead
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conducted beforehand in Matlab, resulting in a reduced complexity of the Simulink
model. Furthermore, as a LUT is a table with predefined values, measurements or
results from the micro model can be used instead of the design parameters to generate
it.

3.2.3 Electric and hydraulic Arrangement of the Cells or Modules

With the tubular design of the cells, electric connection of the cells can be realized in
serial, parallel or a combination of both. Varying the position of good performing or bad
performing cells in this setup only adds to the complexity. This results in a practically
infinite number of ways to electrically connect the cells in a module.

The hydraulic setup was decided to be fixed. From a tank, the electrolyte flows
through a manifold, which splits up into multiple parallel channels, one for each cell.
This setup is mirrored for the other half of the electrolyte cycle and repeated for the
other electrolyte type. However, the pressure drop characteristics of the half cells are
stored in another LUT.

In order to simulate all the possible setups, addresses are used to access the correct
values in vector-signals or in the LUTs.

3.3 Inputs, Outputs and Boundaries

The data is organized into four different types: inputs, outputs, boundaries or parameters
and addresses. Inputs and outputs change with every time step of the simulation, while
boundaries or parameters are set for the whole simulation. Addresses indicate which
entries from vector quantities or LUTs should be taken. The two inputs are the electric
current and the volume flow rate of the electrolyte applied to the top level: in case of
a single cell, the top level is simply the cell, while in a module the top level would be
module.

The main outputs of the model are the voltage and the pressure drop of the single
cells and the module. Other values can be tracked to the nature of Simulink as well. In
an optional step, additional outputs can be calculated after the Simulink Simulation in
Matlab.

A multitude of parameters is needed to generate the outputs from the inputs. These
will be collected in a single place, the parameter bus, for the sake of accessibility.
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4 Micro Model

The Micro Model simulates the electrochemical behavior of one RFB cell on a microscopic
level with the software COMSOL Multiphysics [24]. The model can be used as a stand-
alone simulation or to generate inputs for the Macro Model. Because the Macro Model
is the focus of this work, the Micro Model is kept simple. Instead of modeling a 3-
dimensional tubular geometry, a planar 2-dimensional geometry is used, similar to the
models presented by Knehr [9], Gandomi [I0] or Nix [11].

Big parts of the developed model are based on the work of Knehr [9]. The Knehr-model
features a 2-dimensional planar geometry which is capable of simulating the Vanadium
crossover and water transport through the membrane. The model of Gandomi [10]
however, features the calculation of surface and bulk electrolyte concentrations. Because
the Micro Model is not the sole focus of this work, the Knehr-model is used without
the crossover simulation and is modified by adding the surface and bulk electrolyte
concentration calculation from the Gandomi-model and by adding the Donnan-Potential,
elaborated by Knehr in [I8]. The fluid dynamics are also simplified in order to reduce the
modeling work. While in reality the cell would be in flow-by configuration, a flow-through
cell is modeled. The volumetric flow rate within the porous electrode is approximated
with a factor, based on studies of Ke [25]. A tutorial model published by COMSOL and
based on the aforementioned Gandomi model was used as a baseline [26].

The intended use as a design tool led to the decision, that the model has to accept the
two cell performance parameters ASR (area specific cell resistance) and ig (exchange
current density per membrane area) as inputs. To further improve the design tool
aspect, it has to be possible to simulate multiple operating points in one simulation run
to achieve a polarization curve. This polarization curve is the connection to the Macro
Model.

This chapter will present the implementations of the various electrochemical principals.

4.1 Overview

A 2-dimensional flow-through electrode model with planar geometry is developed. It is
based on the following assumptions:

1. The cell is isothermal
2. The membrane can only be crossed by H™T-ions
3. Side reactions (e.g. gas evolution) are neglected

4. The dilute solution approximation can be used for the porous electrode
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The model is divided into five domains, as shown in figure From left to right they
are: Negative current collector, negative electrode, membrane, positive electrode and
positive current collector.

aaQel v Heecen EEdEN xEBEEL RE- o=
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Figure 4.1: The five domains of the model. The negative electrode is highlighted

The software COMSOL Multiphysics utilizes the finite element method. Finite ele-
ments are organized in a mesh. By proper definition of a mesh, simulation time can be
kept short and results can be specified more accurately. In this case, strongly varying
results are anticipated near the electrode membrane boundary. As a result, the amount
of elements is increased in the vicinity of the boundary. There is no need for more than
one element for the current collectors however, because a linear behavior will be defined.
The used mesh is shown in figure

The model is solved for the solid state potential ¢, the liquid state potential ¢; and
the concentrations of the different species c;.

4.2 Porous Electrode

The porous electrode domain consists of two different mediums: electrode and elec-
trolyte. Electrolyte consisting of water, sulfuric acid and charged vanadium species
flows through the porous electrodes. For each charged species, the conservation of mass
has to be true:

o .
% (eci) + V- N; = a(; (4.1)

¢ describes the porosity of the electrode, ¢; denotes the bulk concentration of species ¢ in
the electrolyte, IV; is the flux of the charged species ¢, a the specific interfacial area and
(; the pore-wall flux density of species i. The flux of species is defined by the Nernst-

Planck equation (see equation [2.21]). In order to obtain the effective diffusion coefficient
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Figure 4.2: The mesh of finite elements used for the model

in a porous media, the Bruggemann-relation is utilized, with € being the porosity of the
electrode and D; the diffusion coefficient of the species ¢, which can be obtained from
literature [27].

DT = 32, (4.2)

Assuming the dilute solution approximation, the ionic mobility can be represented by
the Nernst-Einstein equation.

D?ff
U; = ]%ZT (4'3)
This leads to a modified version of the Nernst-Planck equation:
. . DeffF
Ni=-DIve, - 252~ Vo e (4.4)

Through the conservation of charge it is possible to couple the species transport, the
electrochemical reactions and the current in the electrode:

Vi +V-ig=0 (4.5)
where 7, is the liquid and 7, is the solid current density. The liquid current density is

defined by Faraday’s law (see equation while the solid current density is defined by
Ohm’s law (see equation @; with ¢ being the bulk conductivity of the electrode).

i = FZ %N (4.6)
i

is = 0V (4.7)
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By forming the divergence of the liquid current density, the following is obtained:

Vi =F> VN (4.8)

The conservation of mass yields:

- 0 0
V.= F; 2 <aQ ~ 5 (662‘)) = aF; 2 G — sFa ;zzcl (4.9)
The solution is electroneutral, which can be described by equation [4.10
Z Z2iC; = 0 (4.10)

Following this condition, the last term in [4.9] vanishes. j, is defined as the transfer
current per unit volume of the electrode.

o=V iy =aF Y z( = aiy (4.11)
[

The Butler-Volmer equation expresses local current densities. In addition to the form of
the equation presented in equation surface concentrations ¢ and bulk concentra-
tions ¢; are discerned. This leads to the two following expressions:

S — F
C %negl' Mneg
j =aF 1= 2t ( )
jn;neg a kneg (CV2+ ) Qneg (CV3+ )Oéneg |: < CV ) e RT
V2+

S (1—aneg)Fnne
N (cv3+> e(RgT'g>] (4.12)

Cv3+

Cs + —apos F'npos
jn,pos — akaos (CVO2+)1_apOS (CVO+)C¥pos V02 6( RT )
2 Cvof

S (1—apos)Fnpos
_ <CV02+> e( S e )} (4.13)

Cy o2+

« denotes the charge transfer coefficients, k is a reaction rate coefficient and 7 represents
the overpotential of the respective electrode. While ks is obtained from literature, k4
is calculated from the input ig peq:

iO,neg

o le]A
kneg - (cv2+70>(1*0‘n69) . (Cv3+,o>a"€g e F (414)
Cref Cref ref
The overpotential of an electrode is defined by:
Tneg/pos = b1 — ¢s — Egeg/pos (415)
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ESOS Ineg is the formal potential of an electrode, defined by equation [2.14. Because the
Donnan Potential will be incorporated into the membrane, the two potentials are defined

as follows:

/ RT Cy3+
0 _ 100 \%4
Eneg = Eneg + 7[71 (Cv2+> (416)
2
/ RT CVOJr : (CH+)
0 __ 1700
Epos = Epos + ?ln <QCVO2+ (417)

As already mentioned the model discerns the bulk concentration and the surface con-
centration. The difference between these concentrations develops as a consequence of a
minor convection contribution to the mass transport in close proximity of the electrode
[28]. A common simplified approximation is to assume a layer of the thickness &g, the
so called Nernst diffusion layer. In this layer, the only effective transport mechanism is
the diffusion. Beyond this layer, convection contributes to the mass transport.

While the electrochemical reaction runs, the surface concentration c; of species ¢ will
be lower than the bulk concentration ¢;. By assuming a linear concentration gradient,
the following is obtained:

T
do
The diffusion coefficient within the Nernst diffusion layer Dy ; as well as the thickness
of the Nernst diffusion layer §y are often unknown. Therefore, the local mass transfer
coefficient k,, is introduced:

(ci—¢f) (4.18)

(2

N} =kn(ci —c) (4.19)

(2

This equation needs to be written for both electrodes and for all species undergoing
faradaic reaction. The mass transfer flux is balanced by the flux of species production or
consumption, expressed by the Butler-Volmer equation [29]. In the following the term
f= % is used to increase the readability.

Niae = km(eyar — Cras) = kineg - (cyse )0 - (s )10ne0)
. [ Ci/”) ((1=aneg) fineq) _ <c§/3+> e(—anegfnneg)} (4.20)
Cy2+ Cy/3+

Niay = km(cyst — Crar) = kneg - (Cyst )29 - (cyay )1 70neo)

. KC%) o(~0meafncs) _ (Cv+> e((lanewfnneg)} (4.21)

Cy3+ Cy2+
\S/o2+ = km(CVOQ+ - C€/02+) = kpos : (Cvog)ams : (CVO2+)(1_%OS)

S c?
. [<CVO2+> e((l—apos)fnpos) _ ( VO?) e(_aposfnpos)] (422)

Cy o2+ CVO;
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]\[“S/"OgL = k‘m(CVO; — C"S/O;,) = prS . (CVO;)OLPOS . (CVO2+)(170¢FDS)

cs S
. [( VO;> 6(*0‘1105]0771708) — (CVO2+) 6((1ap08)f77p08)] (423)
CVO;' Cy o2+

These equations can be solved for the surface concentrations:

_ Wocys+ + (1 + \I’Q)CV2+

S or = 4.24
Vet 1+ 0, + 0, (4.24)
Uicya+ + (1 + \P1)0V3+
5. = 4.25
Cres L+ 0+ 0y (425)
Wyc, H+ + (1 + \114)CVO2+
ore = — 2 (4.26)
1+ \113 + \114
Uscy o2+ + (1 + \113)6 +
S L= VO (4.27)
VO, 14+ Ws+ Uy

The coefficients ¥; are calculated by the following equations.

1_ ne
v (kneg) | ((cvz+)( . 9)> . e((1=neq) fncy) (4.28)

Fom (cyar )nes

Uy — <kneg> . < (Cv3+)aneg > . 6(—anegf777l€g) (429)

km (CVQ_»,_)(lianEg)

[ kpos (Cvo;)a’ms (1—apos) fripos)
V= (km > | (( e | €T (4.30)

Cy o2+
1—opos
\:[14 _ <kpos> i (CV02+)( ~ P ) . e(—aposfnpos) (431)
km (CVO;,) pos

The key parameter for these equations is k,,, which is a function of electrolyte velocity
[30].
kp = 1.6-107% - |o|%4 (4.32)

The last remaining undefined term is the reaction source term (;. It represents the
change in concentrations of species ¢ due to the electrochemical reactions in the half
cells. An overview is given in table

4.3 Membrane

A reduced model of a membrane is used in this work, not allowing crossover of species

other than H™. Therefore, the liquid current density reduces under the condition of
electroneutrality to:

i = -0V (4.33)
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Term | Negative Electrode | Positive Electrode
Jn
Cua+ oF -
. _JIn -
CV‘3+ aF .
]TL
Cvo+ - —uF
C + - In_
VO3 aF
2in
Ch+ - Fa

Table 4.1: Reaction Source Terms

4.4 Current Collector

The current collectors are composed of impermeable solid graphite. Therefore, the cur-
rent joo within the domain is governed by Ohm’s law.

Jjoc = —0occVeCC,s (4.34)

occ is the electric conductivity of the current collector. In order to incorporate the
ASR (which includes contact resistances) into the model, the following formulation of
the electric conductivity is defined in the model.

lCC’,neg/pos
0CC\neg/pos = ASR (435)

neg/pos

4.5 Initial Values and Boundary Conditions

In order to solve the model for the species concentrations and the liquid state potential
as well as the solid state potential, boundary conditions and initial values have to be
determined. Figure[4.3|assigns a number to each boundary in the model. The respective
conditions are listed in table iqvg describes the desired average current density for
the cell.

Finally the initial values for concentrations can be calculated by using a defined initial
state of charge. Using equations to (which will be explained in the following
chapter) it is possible to define a starting concentration for each species.
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Figure 4.3: Boundaries in the Micro Model
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Boundarig

sDescription

Expression

2

Electric ground

¢S,CC,neg =0

16 Electric current —N U5, 0C,pos = lavg

413 Continuous Solid State Poten- | ¢, = ¢s.cc
tial

7 Continuous Liquid State Po- | ¢y e1neg — Omem = %ln <§:ﬁ)
tential with Donnan Correc- ’
tion

10 Continuous Liquid State Po- | ¢jc1pos — Pmem = %ln (%)
tential with Donnan Correc- '
tion

6 12 Inflow n - (N; +ue;) =n- (uco,)

511 Outflow n-D;Ve; =0

47-1013 | No Flux —n - (N;j+uc;) =0

1 3 5 6 | Electric Insulation —n-1;=0—mn-13=0

891112

14 15

Table 4.2: Boundary Conditions for the Micro Model
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5 Macro Model

The Macro model serves as a design-tool for the simulation of multiple VRB cells com-
bined into modules or stacks. It is implemented in Matlab Simulink R2019b [31]. Inputs
are the volume flow rate of the electrolytes and the electrical current applied to the top
level. Boundaries include the cell characteristics, the geometry of the electrolyte supply
pipes and the setup of the hydraulic and electrical connections of the cells. Figure
shows the module level model with its components.

0—-a :%f < 2%
‘ =l D o - = ::: o
Simulation Parameters and Inputs il v j —f1—o
Ty ; S - H—1 1«
E e e Merging of data

—l

Figure 5.1: The Model on Module Level with its different components

5.1 Overview and Data Flow

Because the resulting model is rather complicated, a short overview is given in this
section. Figure [5.2] shows the main elements that are used for the calculation of a single
time step. The arrows in between the blocks represent the data flow happening between
the elements. The arrows leaving to the right hand side represent the model outputs.
As already mentioned, the two inputs for the model are the current and the volume
flow rate applied to the top level, in this case the module level. The model computes the
main outputs of voltage and pressure drops. The concentration of the used electrolytes
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Figure 5.2: The main components of the macro model and the data that flows between
them

is also very important: it impacts the resulting voltage and the applied current will alter
it with time.

For a single time step, read figure from left to right. In a first step, the concentra-
tions in the electrolyte tanks are updated, using the volume flow rate of the electrolytes
and the concentrations calculated in the previous time step. For a correct calculation,
the tank geometry and the starting concentration (as an integral approach is used) have
to be imported from the collected parameters.

The required variable setup of the cells makes a distribution of the inputs necessary.
This step transforms the module level inputs into cell level inputs on a vector basis. The
electric distribution changes the single value input of the module current into a vector
containing the current for each cell, according to the electric setup and the electric
characteristics of the cells. In a similar fashion. the hydraulic distribution changes
the single value input of the module volume flow rate into a vector, according to the
hydraulic setup and the hydraulic characteristic of the cells. In order to calculate the
resulting pressure drops, the piping geometry is also provided to the block, and the first
major output can be quantified.

The main calculation block of the model is the cell block. For each cell in the module,
a cell block is used. Each cell block is provided with addresses, which indicate which
values of the vectors generated in the distribution step have to be used for the cell.
Another address is used to decide which cell characteristic is used for the cell. The cell
block calculates the resulting voltage of each cell and updates the concentration of the
electrolyte in the respective cell.
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The last regular step of a time step in the simulation is to merge the produced data,
according to the used electric and hydraulic setup. This step contains adding the voltages
up in the way the electric setup dictates, in order to gain the second major output. The
computing of a new concentration of the electrolyte, that is fed into the tank, is as well
conducted in this step.

The last remaining block is the simulation control. Based on the outputs of the time
step, the inputs for the next time step are modified if necessary. This block allows the
simulation of complex measurements with relative ease.

5.2 Cell-Block

IHPUt Icellv ‘/cell,neg pos,ins Ceell,i,in
Parameter | ¢;initial, B, Veell,neg/pos: OCV-adjustments
Settings Addresses
Output Ece, Ceell,i,outs OCV

Table 5.1: Cell Block Summary

IceII Ecell

—_— >
Vneg,im Cneg,in Cneg,out
. Cell T
Vpos,in’ Cpos,in Cpos,out

Electrical and hydraulic adresses

Figure 5.3: A Black Box Model of a Single Vanadium Redox Flow Cell as used in the
model

The cell serves as the central calculation element of the model. A Black Box approach
is shown in figure As can be seen in the figure, the inputs consist of the electric
current I.o; (which is in vector form if more than one cell is simulated) as well as the
the volume flow rate Vce”’neg /pos,in and the concentrations ¢,cg/pos,in Of the respective
electrolytes. The model calculates the changes in the electrolyte resulting in the output
of the updated concentrations ¢,cg/posous Of the respective electrolytes. In addition the
resulting cell voltage E.e; (which includes the OCV) is calculated.
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Because the inputs alone are not sufficient to calculate the outputs, additional infor-
mation in the form of addresses is needed. These addresses ensure two things: If multiple
cells are simulated, the inputs I..; and Vneg /pos,in Will be handed over in vector form.
The addresses indicate which value has to be taken from the vector for the specific cell.
A third address indicates which characteristic has to be picked from the LUT, in which
the current-voltage characteristics of the simulated cells are collected.

Some other constant parameters (see table are needed as well, for example the
volume of the half cells. However these are assumed to be the same for every cell used
in the model, and therefore are concentrated in a parameter input.

Following these considerations, it is derived that 4 different calculations are needed in
the cell block in Simulink: the concentration change in the electrolyte for both of the
electrolytes, the calculation of the open circuit voltage and the calculation of the overpo-
tentials. The overpotentials will be looked up from a table rather than be calculated to
enable the import of electric cell characteristics from different sources. Figure [5.4] shows
the implementation in Simulink.

Concentration Changes

DAz

. ERE OCV Calculation

Overvoltage Lookup Table

Figure 5.4: The Cell Block in Simulink

5.2.1 Concentration Change

In order to correctly calculate the potential of the cell, it is necessary that the con-
centrations of the different vanadium ions in the electrolytes are known. If no current
is applied, the concentrations will stay the same if diffusion across the membrane and
side reactions are neglected. However, if a current is applied, the concentrations of the
vanadium ions will change.
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Input Leen, ‘/cell,neg pos,in> Ccell i in
Parameter Ciinitials Veellneg/pos
Settings none
Output Ceell i,out

Table 5.2: Concentration Change Summary

An integral approach to calculate the updated concentrations is presented by Li [32].
Because this method is also used in the extensive model developed by Koenig [13], it
is implemented in this work as well. The new concentration of the V3*-ions in the cell
cys+ cen(t1) for the control volume Ve is obtained by integrating all the gains and losses
of concentration between time ty and time ¢; and adding it to the concentration at the
time ty. Note that the volume flow rate of the electrolyte Vneg,cell has to be the same for
influx and outflux at each time step ¢, because the cell volume is assumed to be constant
and the electrolyte to be incompressible.

cyst cen(t1) =

t1
. I(t
: / <(CV3+,cell,in(t) - CV3+,cell,out(t)) : Vneg,cell(t) - 1(_7>> dt (51)

to

1
Veenr

cyst cent(to) +

If the electrolyte in the cell is perfectly mixed, the outflux concentration cys+ e out ()
is equal to the cell concentration cy s+ .¢;(t), resulting in equation

cyst cen(t1) =

’ / ((CV3+,cell,in(t) - CV3+,cell(t)) ’ Vneg,cell(t) - I,g)> dt (5.2)

to

Ccys+ cenrllo) +
\%4 ,ce( ) Vcell

The implementation of this equation in Simulink is shown in figure [5.5] The same
equation can be used for the VO?**-ions. By comparing these two concentrations to
their respective total vanadium concentration in the electrolyte defined in the parameter
bus, the complementary concentrations cy2+ and Cyoy can be obtained.

It is also necessary to calculate the H T-concentrations for both electrolytes. In order
to use the equations and the State of Charge SOC for both electrolytes is
required. It can be calculated by equations and

The SOC-independent first term is already calculated in the parameter bus. Cite the
paper in preparation.

5.2.2 Open Circuit Voltage

The OCV of a RFB cell in an empiric model can be obtained by the complete Nernst
equation (which already incorporates the Donnan Potential, elaborated by Knehr
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Figure 5.5: Implementation of the concentration change in Simulink
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IDPUt Ceell,i,out
Parameter | OCV-adjustments

Settings none
Output ocv

Table 5.3: Open Circuit Voltage Summary

[18]). This complete formulation can be split up into the positive (see equation 5.3)) and
the negative electrode (see equation [5.4) according to equation [2.11, While the split is
completely optional, it falls in line with the modular approach to modeling in this work.

RT Cyor RT . [ct.
Epps = EO 4+ 1 2 3— In | & 5.3
pos pos + F n (CV02+> + F n (Cref ( )
RT . [cys+ RT . [cps
Epeg = Epoy + —In | -~ —In|-Z 5.4
neg = Eneg ¥ g 0 <0V2+> TIE (%f) o)

The implementation of this in Simulink can be seen in figure Two optional
adjustments are implemented as well. The first is the correction of the OCV by a specified
amount. It was introduced to counter a constant offset between the measurements and
the expectation by a few mV noticed in the working group. The second is a time
dependent factor, which decreases the OCV, based on elapsed time, which is a simple
way to implement the OCV-drop of around 0.46mVh~!, described by Ressel [5]. Both of
these parameters are defined by the user in the parameter Bus block. If no adjustment
is needed or wanted, the factors have to be set to 0.

5.2.3 Overpotentials

Input Icellv ‘/cell,neg POs,in
Parameter none
Settings | Addresses, LUT, Breakpoints
Output Tcell

Table 5.4: Overpotentials Summary

If a net current flux occurs, overpotentials arise and add to the open circuit voltage. In
order to increase flexibility and to reduce calculation time, it was decided beforehand to
model overpotentials by using Lookup tables for the current-overpotential characteristic.
Known models from literature don’t handle overpotentials in this way in a macroscopic
stack model, but instead use equivalent resistances (Ontiveros [33]), calculate the over-
potentials solely in a microscopic model (Yin [34] or Moro [12]) or forego overpotentials
other than the ohmic overpotentials completely (Xing [I5] or Ye [21]).

The Simulink Lookup Table block requires a n-dimensional matrix with n breakpoint
vectors, which are defined in the block itself. In order to output a value, the block needs
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Figure 5.6: The OCV calculation block

an input for each breakpoint vector. In this model the output of the LUT 7. (the
overpotential of the cell) will depend on the inputs cell current I..; and the volume flow
rate of the electrolyte V... Note that the volume flow rate used here is the average of
the volume flow rate of the negative and the positive electrolyte. The third input battery
number batt Num is implemented to gather several different cells into one lookup table.

There are three ways to acquire the data needed to create the LUTs. The first is to use
actual measurements of cells. Secondly, parameters can be used to create hypothetical
cells. The third method uses the output of the micro model simulated in COMSOL. For
each method, a table will be created, which describes polarization curves at different
volume flow rates and for different cells.

In empiric 0-D models, the cell voltage E.; can be described by the sum of the OCV

and the various overvoltages 7; (activation, concentration and ohmic).

Ecell(i) =0CV + 771(2) =0CV + nact(i) + nohm(i) + nconc(i) (55)

From Measurements

The first method of generating the LUTs with the current-overpotential characteristic is
to use measurements. A supplement program was created in Matlab based on previous
works of the author, for example [35].

The algorithm starts by prompting the user to select a measured polarization curve.
Followed by that, the user is asked to enter the volume flow rate V and a number used
to distinguish the batteries, in the following called battnum. The program proceeds
by checking the vector containing the electric current and the vector containing the
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cell voltage for duplicate values, because these would cause problems in the following
operations. If duplicate values are spotted, they will be removed. Afterwards, the electric
current and the cell voltage will be transferred into a struct. By subtracting the open
circuit voltage from the cell voltage, the accumulated overpotentials are obtained. The
OCYV is assumed to be the value that is measured at the current value that is closest to
zero. The last step before the user is asked whether he wants to repeat the process is to
gather the minimum and maximum value of the electric current.

The user can then opt to load another measurement. The program expects at least
two different batteries at two volume flow rates each. The volume flow rates have to be
the same for every battery. After loading every desired measurement, the user can opt
to proceed in the program. In this case the program creates a new evenly spaced electric
current vector ranging from the minimum to the maximum provided electric current.
Linear Interpolation is performed for each measurement to match the polarization curve
to the new current vector. If the original polarization curve has minimum and maximum
electric currents larger or smaller than the global minimum or maximum, the rest of the
values is filled up with NaNs. The interpolated overpotentials are then arranged into a
3-dimensional matrix etaMat with the dimensions I, V and battNum.

In a last step the program creates the breakpoint vectors (I, V and battN um) neces-
sary for the Simulink model. The resulting data can be saved.

From Micro Model

The second option to generate the LUT containing the current-overvoltage characteristic
of the cell is to use the results from the micro model. This step connects the two models
and while it is important for the goal of the work, its implementation is rather simple:
The datapoints of the simulated polarization curve have to be exported from COMSOL
into a csv-file.

Now the user can run a customized version of the program described beforehand. The
procedure stays mostly the same with the obvious exception of importing the csv-files
instead of the actual measurements.

From Parameters

The third method to generate the current-overpotential LUTSs is to utilize parameters.
Polarization curves can also be obtained by adding up functions that describe the single
overpotentials.

Another variation of the program for the LUT-generation is implemented. In a first
step the user is asked to provide a lower and an upper eta-value. These values serve as
boundaries for the generation. The user is also asked for values of the temperature T
and the number of transferred electrons z (1 in the case of a VRFB).

After that, the user has to provide several parameters that describe the different over-
potentials. An ASR-value for the ohmic overpotentials, the exchange current density ig
for the activation overpotentials and the limiting current density i, for the concentra-
tion overpotentials. Additionally the user is asked to provide the actice membrane area
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Apemp of the cell. Changing the Tafel-Slope is possible but not recommended. This
process is repeated as long as the user demands.

Based on these parameters the overpotentials are calculated in a loop until the afore-
mentioned upper or lower eta value is hit. Other than that, the procedure stays mostly
the same as described beforehand. Missing values for worse performing cells are replaced
with NaN.

In order to calculate the ohmic overpotentials 7,4, Ohm’s law is utilized.

nohm(i) = Rcell : Icell = Rcell : icell : Amemb = ASR- icell (56)

For the calculation of the activation overpotentials 7., the Butler-Volmer equation
(see equation is used. However, solving the Butler-Volmer equation is rather com-
plex. By assuming a transfer coefficient o = 0.5, the hyperbolic sine can be utilized to
simplify the equation.

x —T

sinh(z) = % (5.7)
2. sinh(x) =e* —e " (5.8)
. . . azF
i(Nact) = 10 - 2 - sinh <R;‘wt> (5.9)
Now, 74 can be obtained by using the arcus hyperbolic sine.
2RT . i
Mact = —p= -arcsinh <210> (5.10)

The last remaining overpotential is the concentration overpotential 7cone. Solving the
concentration dependent Butler-Volmer equation (see equation [2.34)) for 7 for the anodic
reaction yields the following:

RT 3(77) Cred,el
- . A — 11
n —F (ln ( o +in Creds (5.11)

The first of the two In-terms is obviously the activation overpotential part. The concen-
tration overpotential becomes apparent:

T red,e
Tlcone = R In (C & l> (512)

azF' Cred,s

And for the cathodic reaction:

RT Cox,el
=————"In : 5.13
fleone (1 —a)zF ( Cox,s ( )
If all ions are consumed at the electrode, maximum current occurs. This current is called
the limiting current density 4;;,,,. The concentration overpotential becomes the following;:

Tlconec = RT “In (1 - ! > (514)

azF im

For the calculation of the overpotentials in the program, it is assumed that every
cell has the same electrode surface and active membrane area. Therefore, the current
densities can be exchanged with the current I.

Adding all overpotentials yields the desired n(I) characteristic.
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5.3 Electrolyte Tanks

Input ‘/cell,neg pos,ins Ctank,i,in
Parameter Ci initial » V;fank,neg pos
Settings none
OUtput Ctank,i,out

Table 5.5: Electrolyte Tanks Summary

While tanks are an integral part of any VRFB, they are modeled fairly simple in this
work. Following the same method that was used for the concentration change within the
cell, equation is used to update the concentrations for each simulated time step for
both the negative as well as the positive electrolyte tank. Of course, there is no electric
current applied to the tank, so the Faraday term is neglected.

This approach means, that in this work, electrolyte is assumed to be either in a tank
or in one of the cells. While the connecting elements in the form of pipes are used in
a following chapter to calculate pressure drops, the transition of electrolyte from the
tank to one of the cells is instant. It is also assumed, that the electrolyte in the tank is
perfectly mixed all the time.

5.4 Parameter Bus

Input none
Parameter | defined in here

Settings none

Output every Parameter

Table 5.6: Parameter Bus Summary

In order to collect the boundaries for the simulation in a single place, a block called
Parameter Bus is set up. This block includes simulation parameters which don’t change
over time. It has only one output called Parameter Bus and no inputs. The contained
parameters describe the electrolyte and the geometries of cells, tanks and electrolyte
pipes. Because the parameters don’t change over time, the Simulink Constant element
can be used for each one of them. The constant signals are collected in a Bus Creator
element. A Bus Creator element collects and bundles signals into a single bus signal.
Accessing one or more elements of the bus signal requires a Bus Selector element. It is
crucial to precisely name the signals that go into the bus, to clarify which signals have
to be read out at a Bus Selector element. Therefore, each signal in the Parameter Bus
block is given a name with a description of the signal and its unit.

A few calculations also take place in this block. By subtracting the number of cells
times the cell volume from the electrolyte volume, the volume of electrolyte in the tank
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is determined (electrolyte in the model can only be in the tank or in a cell). This
operation is performed for the negative and the positive electrolyte circuit (note that
the cell volumes are different due to the tubular geometry). The other two calculations
taking place in this block apply to the starting concentrations of the different species in
the electrolyte, refer to the equations found in section [2.1.5]

With this block implemented, the simulation of a single cell is possible. The next
sections in this chapter discuss the methods to simulate multiple cells organized into
modules.

5.5 Electric Distribution

In order to reach voltages that are high enough for industrial use, the electric connection
of cells is necessary. Cells can be connected in series, in parallel or in a combination
of both. Cells connected in this way are called a module. Similar to the connection of
cells, modules can be connected in different ways as well. Each connection bears its own
advantages and disadvantages as well as its own challenges from a modeling perspective.
In the following chapter these advantages, disadvantages and challenges will be described
using the example of a module consisting of a variable amount of cells. They take place
in the yellow block in figure

5.5.1 Serial Connections without Shunt Currents

Input Lod

Parameter none
Settings | Number of Cells in Serial

Output oo

Table 5.7: Electric Distribution for Serial Connections without Shunt Currents Summary

Connecting multiple cells in series bears the benefit of an increased resulting voltage
while current stays the same. In order to connect two redox flow batteries in series, the
positive current collector of the first cell has to be connected electrically to the negative
current collector of the second cell. Their voltages F.; will add up to the resulting
module voltage E,,.q, while the current I,,,q for each cell is the same.

Log=IL=1I=.. =1 (5.15)
n

Emod = Z Ecell,k(lmod) (516)
k=1

Because the module current is defined as an input in the model, calculating the module
voltage is only a matter of adding the cell voltages, if shunt currents between the cells
are ignored. This step is conducted at the end of each simulation time step. The only
operation that has to be done in this step is vectorize the module current in order to
cause no adjustments to the rest of the model.
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Cell Voltage E; E,
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Module Current

Imod Imod Imod Imod Imr)d
— > > > >

Module Voltage E.4 = Cell Voltage E, + Cell Voltage E, + ...

Figure 5.7: A Module consisting of 4 Cells connected in Series

5.5.2 Serial Connections with Shunt Currents

Input Tinod, OCV(t — 1)7 Ctank,i,out
Parameter | piping-geometry, conductivities of the electrolyte
Settings Number of Iterations per simulation time step
Output I e1, shunt currents in manifolds or channels

Table 5.8: Electric Distribution for Serial Connections with Shunt Currents Summary

In reality, if multiple redox flow batteries are connected in series, shunt currents will
occur. Instead of the current passing through the electrodes, it may instead pass through
the electrolyte that connects the individual cells if the ionic resistance is low enough[20].
The amount of emerging shunt currents depends on many factors, therefore a model has
to be developed.

lonic resistance of a channel

IHPUt Ctank,i,out
Parameter | piping-geometry, conductivities of the electrolyte
Settings none
OUtput Rchannel,neg pos

Table 5.9: Tonic Resistance of a channel Summary

The ionic resistance of a channel is dependent on its geometry and the conductivity of
the medium that flows through it. The models of Xing [I5], Tang [22], Wandschneider
[14] or Koenig [13] all use the following equation, which is implemented in this model as
well:

1 lchannel
R o) = 1
channel,neg,pos (S Cneg/pOS) OAC (SOCneg/pOS) < 1channel (5 7)

Conductivities of the different electrolytes at SOC = 0 and SOC = 1 and at different
temperatures are published in various sources. The values used in this work are pre-
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sented by Wandschneider and listed in table Assuming a linear behavior, the SOC
dependent conductivity of the anolyte o4 and the catholyte o¢ at a set temperature can
be calculated by the following equation. This approach is common in literature models
and is used for example in the models of Tang, Koenig or Wandschneider.

TA(SOCheg) = SOCpeq - oyzs + (1 — SOCpeq) - oyas (5.18)

00(SOChos) = SOCpos - 0yr + (1= SOChos) - oyoat (5.19)

Piping is separated into channels and manifolds: Manifolds are bigger pipes connected
to the tanks, that split into smaller channels, that are connected to the cells.

Vanadium Species | Conductivity 0[70”—75] + 10[’0”75]
Vi 303
V3t 196
VO?T 308
VOy 454

Table 5.10: Conductivities according to the work of Wandschneider [14] at a temperature
of T = 298[K] + 0.5[K]

Equivalent circuit

Kirchhoff’s circuit laws provide a powerful method to calculate currents in complex elec-
trical circuits. They are used in many models in literature that focus on the calculation
of shunt currents, dating back to the 1980s with the model of Hagedorn [7]. Recent mod-
els follow the same approach with examples in the models of Xing [15], Wandschneider
[14], Moro [12] and many more. The calculation method is adapted in the model of this
work to make it work with the LUTs. Kirchhoff states:

e The total current entering any junction is equal to the total current leaving that
junction

e The sum of all voltages around a loop is equal to zero.

By defining the channels that provide the electrolyte to the cells as resistors, an equiv-
alent electric circuit can be set up, as shown in figure The cells are colored yellow
and their respective voltages are named U. The currents that flow through the cells are
called I. The red elements belong to the anolythe circuit, where R is the resistance of the
manifold (capital A) and channel (a). The respective currents are called A and a. The
elements belonging to the catholyte circuit are colored blue and named accordingly: R
for the resistance of the manifold (capital C) and channel (c), as well as the respective
currents C and c. I,,q is the current of the module. Note that only half of both circuits
are shown. However, due to the symmetrical setup, it is possible to incorporate the
symmetry into the equation system. With exceptions of the first and the last cell, a set
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Figure 5.8: Equivalent circuit diagram of shunt currents in a serial connection
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of periodically repeating linear equations can be derived from the circuit diagram.
— L1+ 1 +2a,+2¢,=0 (5.20)

5.21
5.22
5.23
5.24

—ap—Ap1+A4,=0
—Cp1—Ch2+Ch1=0
R(I ! (_GN—l + an) + RA ’ An = Ecell,n(In)

(
(
(
Re-(cn—1—cn) + Ro - Cho1 = Ecein(In) (

)
)
)
)

The equations for the first cell are the following:

I +2a1 = Lnod (5.25)
ap— A1 =0 (5.26)
R, - ((11 - a2) + R4 - Al = Ecell,l(Il) (527)

For the last cell the special equations are as follows.
—InN_1+In+2an +2cy =0 (5.28)

An_1+an =0 (

Ci—c1=0 (5.30
R.-(en—1—cn)+ Re-Cn-1=Ecenn(IN) (
IN =2 N = Imod (

This results in 5N — 2 equations for 5N — 2 unknowns, which can be solved with stan-
dard Matlab operations. Note that the cell voltage FE..; is obtained by adding the
overpotentials n(I) to the OCV, which is calculated from the concentrations.

Iteration

In contrary to the models from literature that also use this approach, in this work the
activation and concentration overpotentials are considered on top of the ohmic overpo-
tentials. This leads to a non-linear behavior of the cell voltage E..;, or more specifically
the overpotentials 7. In order to use the aforementioned approach to calculating the
shunt currents, an iteration is necessary. The first step of the iteration assumes, that no
shunt currents occur, so the voltage for every cell is calculated by using I,,,,q. After the
first iteration, different I will have been computed for every cell. New voltages can be
calculated from these values and be used as the voltage for another iteration.
To implement this approach in Simulink, the Matlab function block is utilized.
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Input Ipvods Ctank,iout, ionic resistances of the piping
Parameter none
Settings | number of iterations, addresses, LUT, breakpoints
Output Tyee, shunt currents

Table 5.11: Shunt Current Function Summary

l Module Current I 04

ly I s ls

A 4 \4 \4 v

Cell Voltage E; | =E,=E,= ...

l Module Voltage Eoq
Ex

v A 4 A 4 A4 A

l Imoa =y + 1z + ...

Figure 5.9: A Module consisting of 4 Cells connected in Parallel

5.5.3 Parallel Connections

The cells can also be electrically connected in parallel, see figure In a parallel setup,
each cell connected in parallel will have the same cell voltage E..;;. The module current
Lnoq will be distributed accordingly.

This connection type is not covered by literature models, as they focus on serial
connections due to the different construction of the cell. The notable exception is the
model of Moro [12]. However, this model doesn’t incorporate overpotentials in a way
that is compatible with the LUT-approach used in this work, nor does the electric
characteristic of the cells vary. Therefore, an own model had to be developed for the
electric distribution in parallel connections.

The fact, that the electric current is defined as an input in the model, presents a
challenge. If the current-voltage characteristic of the cells were linear, the distribution
would be rather easy. However, in this model the non-linear activation and concentration
overpotentials are also considered for the cells. The module current has to be distributed,
resulting in every cell delivering the same voltage. This calculation takes place before
the calculations for each cell described in the previous section are conducted. Figure
shows a screenshot of the content of the electric distribution block shown in figure
for 3 cells in parallel. The block is provided with two inputs: the electric current of
the module and the volume flow rate vector of the electrolyte (the hydraulic distribution
explained in the following section will cause different volume flow rates for different

42



cells). Its output is a vector containing the electric current for each cell.
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Figure 5.10: Content of the Electric Distribution Block for 3 cells in parallel; red and pur-
ple: adresses (user inputs); orange: the Direct Lookup table block; green:
merging of the LUT excerpts; blue: the current splitter function

The approach used in this work is a graphical one. Rather than iterating to approx-
imate the distribution of the electric current, the LUTs with the overpotential-current
characteristic are utilized. As described before, the overpotentials for each cell are col-
lected in a multidimensional table. The Simulink block Direct Lookup table allows to
access defined parts of the LUT. In this case we look for the overpotential-current char-
acteristic for the specified cell at the specified volume flow rate. Therefore, the hydraulic
address is used to read the correct volume flow rate from the input vector and the battery
number is used to access the correct battery in the LUT. Both the hydraulic address and
the battery number have to be specified in this block, see the red boxes in figure [5.10)
The direct lookup table block (in orange) now provides a vector in the form of n(I).
Before these enter the Matlab function block (blue), they are arranged in a matrix with
the Vector Concatenate block (green). If more cells are used, it is necessary to concate-
nate each LUT-excerpt with this block. If longer simulation times occur (for example
when simulating charge-discharge cycling), it is advantageous to also add the OCV of
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Input Iod, OCV (t —1)

Parameter none

Settings | addresses, LUT, breakpoints
Output Lypec

Table 5.12: Electric Distribution for Parallel Connections Summary

the respective cell on top of the overvoltages to improve accuracy (purple). However, the
following explanation assumes the aforementioned simple case without OCV-influence.

0.6 T
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Figure 5.11: Overpotential 1 in V' over electric current I in mA for 3 different cells

The Matlab function is now provided with a overvoltage-current characteristic for
each cell. Figure[5.11]shows these characteristics for 3 cells. They represent polarization
curves in the form of n(I). As one can see, the functions are bijective. Therefore, the
dependency can be reverted, resulting in I(7), shown in figure The (in this example
3) curves are linear interpolated, to have a common 7-range.

In a next step, the sum Iy, (n) of the single I(n) is generated, because the single cell
electric currents have to add up to the module electric current, see figure With the
known module current I,,,q it is now possible to acquire the intersection point with the
Isym-curve. The x-coordinate of the intersection point yields the module overvoltage.
Inserting the overvoltage into each of the I(n) dependencies yields the electric current
for each cell.

This described approach is implemented in a Matlab function. Its output is a vector
containing the resulting electric current for each cell.
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Figure 5.12: Electric current I in mA over overpotential n in V for 3 different cells
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Figure 5.13: Electric current I in mA over overpotential n in V for 3 different cells and
the sum of the 3 electric currents. The crosshair defines an operating point
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5.5.4 Combined Connections

It is also possible to combine serial and parallel electrical connection of cells in a module.
Two cases can be discerned. The first one, shown in figure [5.14] will be called serial-
parallel in this work, while the second case, shown in figure [5.15] will be called parallel-
serial.

l Module Current I 04

E

Path Voltage E,, = E, + E, T 4 oy 3 Ey Module Voltage

Emod = E12= Es4

E,

\ 4 A J

l Imod = 112+ lag

Figure 5.14: Combined Connection of 4 cells: serial-parallel case

From the standpoint of modeling the first case is a variation of the Parallel Connection.
The electric distribution can be calculated with the same Matlab function. However,
because in this case the path voltages have to be the same, it is necessary to add up
the n(I)-LUTSs of each cell in a parallel pathway. In consequence, an Add-block is used
before the parallel paths are merged into a matrix with the Vector Concatenate block
(see figure [5.16)).

The second case however is even easier. Because the module current is the same before
each distribution, the electric distribution from the parallel connection has to be run two
times. This results in a distinct current for each cell.
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Figure 5.15: Combined Connection of 4 cells: parallel-serial case
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Figure 5.16: Serial-Parallel Connection: The LUTSs of each cell in a path are added up

48



5.6 Hydraulic Distribution

Input Vinod
Parameter | hydraulic resistance of the cells, geometry of the piping
Settings none
Output Vee, Ap

Table 5.13: Hydraulic Distribution Summary

As already discussed a Redox Flow Battery has to supplied with two different elec-
trolytes, the anolyte and the catholyte. Hence, the cell is connected to two electrolyte
circuits. If more than one cell is used in a module or stack, each cell has to be supplied
with electrolyte. It acts against the advantage of the Redox Flow Battery to designate
an own tank to each cell. Therefore, in a module or stack the fluid flow of the electrolyte
has to be distributed to the cells. Figure [5.17 shows an example of how the electrolyte
distribution could be realized, as published by Ye et al. in [21].

outlet branch || outlet manifold || outlet channel

LUk UL LR

| inlet branch—f] | inlet manifold] | [inlet channel |

porous electrode  bipolar plate membrane

Figure 5.17: Exemplary illustration of the electrolyte circuit of a RFB stack, as published
by Ye et al. [21]

Looking at the catholyte tank, one can see that the electrolyte is pumped from the
tank into the inlet trunk. The trunk distributes the electrolyte into three branches, which
transform without further distribution into manifolds. In the manifold, the electrolyte
is distributed into 4 channels, which supply the cells. The same concept is mirrored to
merge the electrolyte flow on the other half of the cells.
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For the model used in this work, some assumptions are made:
e Electrolytes are incompressible

e Both Electrolytes have the same constant density and viscosity

The effect of T-junctions on the pressure drop is neglected

The manifolds are directly connected to the tank

The effect of valves and tanks on the pressure drop is neglected

Laminar flow is assumed

5.6.1 Pressure Drop in Cells

Because the flow channel geometry of a vanadium redox flow battery is rather complex,
the pressure drop characteristic is simplified in the macro model. Measurements show
a nearly linear dependency of the pressure drop Ap..; on the volume flow rate Viells
although a significant difference between the two half cells is observed, as shown in
figure [5.18] By utilizing a linear fit, one can obtain a factor for each half cell which
describes the proportionality between the pressure drop and the flow rate. The goal is
to obtain two factors Rpyqneq/pos that lead to the following dependency. This approach
is analog to the Darcy equation described in equation [2.35

Apcell,neg/pos = Rhyd,cell,neg/pos ' chell,neg/pos (533)

800 300

—+— VRFBO1

—— VRFBO
1001 | e vRFBO2 550 | —=— VRFB02

—— VRFBO3 —— VRFBO3
6001 | VRFBO4 —— VRFBO4
so0|, | —=— VRFBOS 200} | —e— VRFBO5

flow rate in ml min~

0 5

flow rate in ml min”

15
1

20

Figure 5.18: Measured Volume Flow Rate dependent Pressure Drop of five different
Vanadium Redox Flow Batteries: Negative Half Cell on the left and Positive
Half Cell on the right. These are results from the StaTuR work group.
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5.6.2 Pressure Drops in Pipes

For the given assumptions, the pressure drop in a pipe with a circular cross-section area
is best defined by Hagen-Poiseuille, because laminar flow is expected with the operating
volume flow rates. While the equation is already described in equation [2.37], it is shown
here again for readability’s sake.

P= v ﬂ.tli% v m-dt v

1 is the dynamic viscosity of the fluid, d and [ describe the geometry of the flow channel
and V is the volume flow rate of the fluid. Similar to the pressure drop in cells, the goal
is to obtain a relation similar to the Darcy equation, with a resistance factor Rpyq pipe-

Appipe = Rhyd,pipe * Vpipe (5.34)

5.6.3 Volume Flow Distribution

In a hydraulic circuit with more than one possible path from point A to point B, the
fluid will be divided according to the pressure drop characteristics of the possible paths.
To calculate the distribution, the electronic-hydraulic analogy is utilized. The central
electric linear model is described by Ohm’s law.

U=R-I (5.35)

Direct current electric circuits behave very similar to hydraulic circuits. The central
hydraulic linear model is defined by the Darcy equation.

Ap = Rpya-V (5.36)

Assuming a hydraulic circuit behaves like a direct current electric circuit, one can use
Kirchhoff’s law to set up an equivalent circuit diagram for the hydraulic circuit. Kirch-
hoff states:

e The current entering any junction is equal to the current leaving that junction
e The sum of all voltages around a loop is equal to zero.

For the model it is assumed that every cell is connected hydraulically in parallel with
the other cells in a Z-setup. This means that the fluid influx and outflux are located on
opposing sites. An exemplary setup for one of the two electrolyte circuits is shown in
figure This leads to a periodic set of linear equations (see equations |5.37] [5.38 and
[.39). Special boundaries have to be applied to the first (replace [5.37 and [5.38| with [5.40]

and [5.41)) and the last cell (replace with and skip and [5.39)).
chll,n + Qin,nfl + Qin,n =0 (537)

- chll,n - Qout,nfl + Qout,n =0 (538)
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Figure 5.19: Equivalent hydraulic circuit diagram for one of the two electrolytes consist-
ing of N cells connected hydraulically in parallel in a Z-setup
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_chll,n : (2 : Rhyd,channel + Rhyd,cell,n) + chll,n—i—l : (2 ' Rhyd,channel + Rhyd,cell,n—i—l)

+Qinn - Riyanrr — Qoutn * Rhya e =0
(5.39

chll,l + Qin,l = Qmod (540
- chll,l + Qout,n =0 (541
chll,N + Qin,N—l =0 (542

Adding every different volume flow rate, a total of 3N — 2 unknowns is determined. The
periodic equations mentioned above result in a total of 3N — 2 equations. Therefore, the
system can be solved using common methods for linear equation systems.

In order to calculate the total pressure drop of the circuit, one has to pick a path and
multiply every volume flow rate with the according coefficient of hydraulic resistance. It
is sufficient to do this for one path because of the parallel setup of the circuit.

)
)
)
)

5.7 Merging of Data

As soon as the model is used to simulate more than one cell, it is necessary to merge
some data after each calculation step, as shown in green in figure [5.1

5.7.1 Merging of the Electrolytes

The setup of the model assumes, that there is one tank for each electrolyte. Electrolyte
flows from the tank into the cells, according to the aforementioned hydraulic distribution.
From the cells it enters the tank again. The influx concentration to the tank is acquired
by relating the cell volume flow rates to the module volume flow rates and add up the
vanadium species concentrations accordingly.

5.7.2 Merging of the Cell Voltages

Based on the used electric setup of the cells, the module voltage is calculated. For cells
connected in serial, this means adding up every single cell voltage. Cells connected in
parallel are not added. It would suffice to take a single cell voltage and use it as the
module voltage, however an average of the cell voltages is calculated and used as the
module voltage. In combined setups, the module voltage has to be calculated according
to the setup. The principles are already discussed in section

5.8 Simulation Control

While the inputs for the simulation can be chosen freely (to simulate single operating
points or set profiles), standardized charge-discharge cycles feature a logic that has to
be applied to the inputs based on the outputs. One cycle consists of one charge and
discharge step each. The steps in this work are performed at constant current. When
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Input Ecell,mina Ecell,max
Parameter none
Settings | the desired logic for the simulation
Output Linod, ter, integ

Table 5.14: Simulation Control Summary

cycling with constant current, a cell is charged or discharged as long as the cell potential
doesn’t exceed prior defined boundaries.

To implement this process, a simple simulation control has to be created. The orange
block in figure is a Stateflow block. Stateflow is a sub program of Matlab Simulink,
that allows to generate control sequences. The block is provided with the minimum and
maximum cell voltage of all cells in the module. It has three outputs: ter, a variable that
stops the simulation when its value is one, current, which serves as the electric current
for the top simulation level (module or cell) and therefore the input for the model and
integ, a variable that is either 0 or 1, which will be used for the efficiency calculation

explained in the next section.
—» out.l_Mod

ter
voltage_max y [I_Mod]
current _
voltage_min integ
I out.integ L

N

out.|_Mod_Integ

w|=
A

Figure 5.20: The simulation control for charge-discharge cycling

Figure shows the stateflow block. The several blocks are states, which are con-
nected with arrows. The transition from one block to another is triggered when the
condition stated in the arrow is fulfilled. When a new state is entered, some variables
are changed, which is denoted in the block.

5.9 Outputs
5.9.1 Main Outputs

For every simulation time step, the outputs of the simulation are written into the Matlab
Workspace. The module voltage F,,,q and the pressure drop of the module Ap,,oq4 are
the two main outputs of the model. However, with the to workspace-block, the user
could track and save every value that is used in the model at every time step. Good
examples are the required values for the efficiencies, described in the following. Simulink
further allows for simple integration of values.
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“entry:
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{infédg = 0;

after(1200 sec)

Figure 5.21: The Stateflow block of the simulation control for one charge-discharge cycle

5.9.2 Efficiencies

When the model is used to simulate charge-discharge cycles, it is useful to calculate
efficiencies. The efficiency of a redox flow battery is determined by comparing cell
currents and potentials during charge and discharge cycles [5]. The Calculations are
not integrated into the Simulink model, but are instead run afterwards in Matlab. The
aforementioned variable integ serves as an indicator for when the following values should
be integrated.

Coulombic Efficiency

The Coulombic Efficiency C'E describes the relation of the transferred charge during
discharging AQ g1, to the transferred charge during charging AQ..

‘AQdch’ | ftdCh Icell dt‘

AQcn ft?h Teey(t)dt

CE =

(5.43)

The coulombic efficiency describes the impact of parasitic side reactions, self discharge or
capacity losses due to leaks in the half cells. However, none of these effects are modeled
yet, so it will always be at 100 %.

Voltage Efficiency

Similar to the Coulombic Efficiency, the Voltage Efficiency V E is obtained by relating
the cell potential during discharging E ey qcn, to the cell potential during charging E ey o,

fto Eeett,den(t)dt

VE = "o
ftoc Ecell,ch ( )dt

(5.44)

The voltage efficiency decreases with increasing overpotentials and is therefore dependent
on the factors which have an impact on the overpotentials, as described in the chapters
before.
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Energy Efficiency

The power P, of a cell is defined as the product of the cell current and the cell potential.
Pcell(I) = deell - Ecell(I) (545)

Therefore, the Energy Efficiency EFE is defined as the amount of useful energy during
discharging related to the required amount of energy during charging. In the case of
constant current it is also the product of the coulombic and voltage efficiency.

| ftd " Peeit,den (t)dt|

EE=CE-VE =
ftoc Pcell,ch( )dt

(5.46)

The Energy Efficiency describes all occurring losses during charging and discharging in
the battery cell. It however, does not describe the losses of auxiliary components of a
VRFB, like pumps. The required power to operate a pump can be calculated by using:

Pyump = Ap - Q (5.47)

These losses are incorporated in the System Energy Efficiency EFEgys.

‘ f deh Pcell dch dt‘ ftdCh P, um )dt
fo boden PP (5.48)

EFEgs = - =
j;go Pcell,ch dt + ft pump(t)dt

For a quick estimation, it is feasible to assume a pumping efficiency of 60 % [36].
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6 Results and Discussion

Because the Macro Model is rather complex, the results are separated into three parts:
the first part verifies selected parts of the Model by comparing their results to analytically
calculated results. In the second part, the model is used to simulate specific setups, that
are then compared to actual measurements of those setups. The final part shows a single
example of how the model can be used as a design tool.

6.1 Micro Model

To show the capabilities of the developed Micro Model, the results of an exemplary
simulation are shown in the following section.

For the used design parameters an ASR of 1Qem? per current collector and an ex-
change current density ig of 6% are chosen. The simulation is conducted at 50 % SOC

and a flow rate V of 9.6 7:1% A parameter sweep of the applied current density ¢ ranging

from —100 to 10024 is used.

cm?

Figure shows the concentration of the vanadium species V3t and VO?* at a dis-
charge current density of —100(%—@, while figure shows the concentration of the vana-

dium species V2T and VO;r . All of the concentrations show the anticipated behavior,
gradually in- or decreasing along the cell length.

Grafik  Konvergenzplot 1
aaal L-E0 a&

i_avg(1)=-100 mA/cm~2 Oberflache: Konzentration (mol/m?) Oberflache: Konzentration (molim?)
m T T T T T T
011t

L " L L L " L L L L
-20 -15 -10 5 o 5 10 15 20 25 x10% m

Figure 6.1: V3+ and VO?** concentration
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Figure 6.2: V2* and VO concentration

The second set of outputs are the potentials. Figure[6.3]shows the solid state potential
mA

at a discharge current density of —1002%5 at half cell length. The linear parts of the
current collectors to the left and the right are clearly visible. The liquid state potential
at a discharge current density of —100(’3’%‘2 at half cell length is shown in figure
Because they don’t have a liquid state potential, the current collector domains are not
shown. The Potential follows the concentration profile as expected. Additionally, the
defined Donnan Potential jumps in the membrane are clearly visible. An overview of
all potentials including the calculated overpotentials at half cell length for the electrode
and the membrane domains is given in figure [6.5

A polarization curve can be obtained by these potentials, by using the parameter sweep
values. It is shown in figure The polarization curve features a slight activation part
and an ohmic part, just as anticipated. More data points for the low current density
area could possible accentuate the activation part. However, these data points can be
exported into a table data and are ready to be imported through Matlab to form the

data basis for the Macro Model.
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Figure 6.3: Solid state potential at half cell length
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Figure 6.4: Liquid state potential at half cell length without the current collector do-
mains
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Figure 6.5: Potentials along the cell at half cell length
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Figure 6.6: Polarization curve for the parameter sweep at half cell length
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6.2 Verification Macro Model

The first step of ensuring that the Macro Model works correctly, is to analytically verify
selected parts of the model. Alternatively, the results can be compared to results of
similar models from literature. If the single parts of the modular Macro Model work
correctly, the model as a whole is assumed to be working correctly as well.

6.2.1 Concentrations

Because the concentrations in the electrolytes dictate the OCV of a cell and therefore a
big part of the cell voltage, it is crucial to verify the calculation of the concentrations.
From the concentrations specified by Knehr in [9] one can derive the total concentration
of vanadium cy ey = 1040% and ¢y pos = 1040%%[. The described electrolyte formation
process leads to the total concentration of acid cgeiq = 3740%‘;}. Knehr specifies the
different concentrations at SOC' = 0.15. By defining these parameters in the Parameter
Bus block of the Macro Model, this operating point can be simulated. Figure [6.7] shows
the outputs of a reduced cell block. The resulting values match the ones stated in the
paper, which indicates that the concentration calculation can be assumed to be correct.

cV2+, outflux [mol/mA3] »

cV3+, outflux [mol/mA3] >

cVOA2+, outflux [mol/m”3] >

cVOM+_2, outflux [mol/mA3] »

444,

cH+_neg, outflux [mol/m”3] »

509

- o) o) -
(61} e8] @ n)
o) o] [« B N »

cH+_pos, outflux [mol/m”3] »

Figure 6.7: Resulting concentrations of the operating point defined in Knehr [9] calcu-
lated by using a reduced cell block

6.2.2 OCV

The next step is to check the calculation of the OCV by the concentrations. The OCV
can be obtained analytically to validate the simulink model. Therefore, an operating
point is defined: state of charge SOC = 0.15, temperature T' = 298.15K and the total
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concentrations of vanadium cypos = 1600%‘;}, CVineg = 1600%%1 and the acid cgeiq =
200074

In a first step, the concentrations are calculated. By using equation and
the concentrations of the vanadium species at the defined state of charged are obtained.
The concentrations of the H T-ions are calculated by using equations and with
6 =0.25.

Now equation [2.16] can be used to obtain the OCV analytically:

3
mol\2 [ 315074
Ro20sa5k | (PAORE)" <1000’;%l>
OCV = (1.004V — (—0.255V)) + In ; = 1.239V
F 1360791 . (2200
( m? 100024/

(6.1)
Simulink computes the same value.

In a next step, the whole OCV range for this electrolyte is simulated with the model.
Therefore, a parameter sweep with the state of charge from 0.01 to 0.99 is conducted.
Figure shows the result. The OCV range behaves as anticipated and is comparable
to literature, like stated in Knehr [I8] or Ressel [5].

1.6

1.5

0 10 20 30 40 50 60 70 80 90 100
SOC [%]

-1 1 1 1 1

Figure 6.8: OCV range calculated by the Simulink model at T" = 298.15K, cypos =

L6005, 0v,neg = 160075 and cocia = 200075
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6.2.3 Overpotentials

As explained in the modeling chapter, the overpotential characteristic of simulated cells
are collected in LUTs, with three options for their creation: from measurements, from
the Micro Model and from parameters. The first two options are simply a transfer of
data from one format to another and won’t be verified here. The third option however
uses the principles explained in detail in section [5.2.3

Consider a VRFB cell with an ASR of 2.5Qcm?, an exchange current density io of
4mAcm™2, a limiting current density iy, of 200mAcm ™2 with a membrane area A of
15.708cm? at a temperature T of 298.15K. With the equations presented in sectionm
we can calculate the overpotentials at a given current density or current. Two operating
points are defined: 20mAcm~2 and —35mAcm ™2 (which translate to a current I of
314mA or —550mA with the given membrane area). Their overpotentials are presented
in table The polarization curve generated by the LUT-generator in Matlab from
the same parameters is shown in figure [6.9] As the two exemplary operating points fall
exactly on to the curve, the equations are assumed to be implemented correctly.

2025 —3514
Nohm | 0.0500V | —0.0875V
Nact | 0.0846V | —0.1121V
Neone | 0.0081V | —0.0148V
n | 0.1427V | —0.2144V

Table 6.1: Overpotentials for 2 operating points

6.2.4 Shunt Currents

The shunt currents are compared to the values stated by Xing in [I5]. However, Xing
considers only ohmic overpotentials. Therefore, the LUT-generation as explained in
section has to be customized: The activation and concentration parts are turned
off. Xing states a cell resistance R of 0.0036§ with a membrane area A of 476¢m?, which
results in an ASR of 1.7136Qcm?. The resistances of the channels and the manifolds
are stated by Xing with 365.89¢) and 1.23€) respectively. With these inputs, the shunt
current calculation explained in section [5.5.2| can be conducted.

In a first step, 10 identical cells are connected in series and the shunt currents are
investigated. The results are identical to the ones found in Xing, as can be seen in figure
0. 10

Xing also investigated the impact of the amount of cells connected in serial on the
shunt currents. As can be seen in figure this relation also works in the developed
model exactly as reported by Xing.

Therefore, the customized calculation method with the LUTSs and the iteration de-
scribed in section [5.5.2] can be assumed to work as intended.
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Figure 6.9: Calculated operating points and the whole polarization curve of the LUT
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Figure 6.10: Distribution of shunt currents in manifold and channel during charge and
discharge at 50 % SOC for an applied current density of 60 mAcm =2 (a) as
presented by Xing in [I5] (b) simulated with the model in this work
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Figure 6.11: Comparison of internal current for different numbers of cells in series at 50
% SOC for an applied current density of 80 mAcm ™2 (a) as presented by
Xing in [15] (b) simulated with the model in this work
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6.3 Validation Macro Model

To validate the macro model, it was compared to polarization curves and charge/discharge
cycle measurements that were conducted within the StaTuR-group.

6.3.1 Data Basis

The data basis consists of 4 cells. Their polarization curves (recorded at a volumetric
flow rate V. = 6.4% and room temperature each) are shown in figure [6.12 The

polarization curves were also recorded at flow rates of 3.2, 9.6 and 12.8.7-. These
were included in the LUT as well. They were recorded after extensive testing of the
cells. While polarization curves exist, that were recorded when the cells were new, the
measurements they will be compared to in this section, were conducted rather shortly
before the polarization curves shown in figure were recorded. VRBO1 differs too
much from the behavior of the other cells and was ignored for the validation. The other
cells vary in their performance. Their polarization curves were used to generate the LUT,
according to section[5.2.3] As its current density at the extreme cell voltage values is the
highest, VRBO04 is considered the best cell among the four, while VRBO05 is the worst.

The hydraulic characteristic of the cells can be found in figure [5.18
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Figure 6.12: Polarization curves of the cells used for the validation
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6.3.2 Cell Level

In a first step, only a single cell (the best cell; VRB04) was simulated. The results
were compared to the last cycle of a charge/discharge cycle measurement conducted
with cell VRB04 as the recording of the data basis shown in figure was conducted
after the cycling. The starting SOC was taken from the measurement and the OCV in
the simulation was corrected by 35mV to match that of the measurement at the start.
Charging and discharging were executed with I = 550mA and V = 6.4722; each. The
cell is charged or discharged until it reaches the respective cutoff values of 1.7V or 0.8V
Figure [6.13| shows the comparison between the measurement and the simulation.

The upper plot shows the SOC of both electrolytes for the simulation and the mea-
surement. It is notable, that the measured SOC of the negative electrolyte starts out
lower but ends higher than the SOC of the positive electrolyte. Also the rate of the
SOC change is higher in the measurement than in the simulation. The bottom plot
compares the cell voltage. While the charge portion of the cycle from the simulation
fits the measurement very good, the OCV after charge and discharge differ considerably.
The cell in the measurement reaches the discharge cutoff value roughly 2000s earlier
than in the simulation with a steeper decrease of the cell voltage. There are multiple
possible reasons for this behavior: The SOC change indicates, that the total vanadium
concentrations of the electrolytes are smaller than anticipated. This can be estimated
analytically by utilizing Faraday’s law. Crossover effects are not modeled in the simula-
tion and could also be a reason for the differences. Finally, there is a considerable time
gap and multiple measurements that were conducted between the depicted cycle and the
measurement of the used data basis for the simulation.

While there is a difference between the measurement and the simulation, it can be
assumed that the model works correctly regardless, as both the concentration change as
well as the cell voltage show a behavior that would be anticipated with the inputs given
to the model.

6.3.3 Module Level

In another series of measurements, the cells were electrically connected in different ways
(see figure and polarization curves were measured. Hydraulically, the cells were
connected in parallel, as can be also seen in figure [6.15] which depicts a photography of
the measurement setup. Both of the electrolytes were operated with a volumetric flow
rate of Vg = 25.6% which translates to roughly Vel = 6.47%1 per cell.

The resulting polarization curves are shown in figure All of them were conducted
with an electrolyte SOC of 60%. They show the expected behavior with the cells con-
nected in serial yielding a higher module voltage, while the cells connected in parallel
cover a bigger current-range. The combined setup falls in between the two extremes.

To replicate this measurement in the Simulink model, the earlier described data basis
of the four cells were used. The connection of the cells were then copied in the Simulink
model. As the standardized procedure for the generation of polarization curve measure-
ments follows a complex logic, it was decided to take the recorded module current of the
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35mV and the corresponding measurement
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Figure 6.14: The 3 different electrical connections of the 4 cells

measurement as the current input for the model, instead of trying to replicate this logic.

Figure 6.15: Photography of the validation setup

Serial

Figure [6.17] shows a polarization curve conducted with a module consisting of the 4
cells of the data basis connected in serial. The top plot lists the module voltage over the
applied module current, while the bottom plot shows the module voltage over the elapsed
time. As can be seen in the bottom plot, there are values missing in the simulation
towards the ends of the polarization curve. This is due to the fact, that the worst
cell of the module (VRBO05) is operated in a current range, that is not defined in the
data basis used for the model. As already explained, the data basis is gained from the
measurements seen in figure VRBO5 is only defined for a current density roughly
ranging from —35 to 20mA/em?. If a higher current is applied to the cell, the model will
deliver an output of NaN for the voltage of this cell, which in turn changes the module
voltage also to NaN.
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top to bottom: serial, combined, parallel. The electric current and the
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Comparing the rest of the data, one can see that the simulated polarization curve
matches the measured one closely. The qualitative behavior is the same, while the values
differ with higher currents. This discrepancy can be retraced to the time gap between
the measurement of the data basis and the measurement of the presented combined
polarization curve or it could be caused by phenomena like species crossover, which are
not covered by the model.

Parallel

Another polarization curve was measured with the four described cells connected in
parallel. The distribution of the electric current is shown in figure As can be seen
in the plot, the distribution of the electric current as done by the simulation matches
the distribution of the current in the measurement. However, with higher currents, a
developing gap can be observed for the cells 4 and 5. This is interesting because cell
4 is the best performing cell and cell 5 is the worst performing cell. Hence, the model
distributes a bigger portion of the module current to the best performing cell and a
smaller portion to the worst performing cell, than it is the case in the experimental
setup. Qualitatively however, the simulation can be assumed to work as intended.

The polarization curve is included in figure It can be observed, that the gap be-
tween simulation and measured data rises slightly with higher current. Possible reasons
for this discrepancy were already discussed in the last section and remain the same.
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Combined

The same relations can be observed for the combined module. Its polarization curve is
also included in figure[6.19] An increasing gap can also be observed for this electric setup,
the assumed reasons stay the same as for the serial module. In conclusion, the current
distribution can assumed to be valid for each shown setup with minor discrepancies.
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Figure 6.19: Measured polarization curves of 4 different cells in 3 different setups with
the results from their respective simulation
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%

Figure 6.20: Mini-Module consisting of 4 cells connected electrically in parallel

6.4 Simulation Macro Model

The following section will prove the use of the developed model as a design tool. Consider
a hypothetical cell with a set exchange current density ig = 4.0 mA ecm™2. Concentration
overpotentials are set to i, = 200mAcm™2. Due to manufactoring processes or other
reasons, the ASR is expected to be ASR = (34 1) Q cm? with an active membrane area
of A = 15.8cm?. Four of these cells are set up in a module, with cell 1 being the cell
with the lowest ASR and cell 4 with the highest ASR.

In order to evaluate the module performance, the simulation control is used to generate
a charge discharge cycle. The sequence is described in the following:

1. 1200s OCV
2. constant current I,,,q until the first cell voltage reaches E..; = 0.8V
3. 1200s OCV
4. constant current I,,,,q until the first cell voltage reaches E..; = 1.7V
5. 1200s OCV
6. constant current I,,,q until the first cell voltage reaches E..; = 0.8V
7. 1200s OCV

The four cells are electrically connected in parallel, as depicted in figure A
module current of I,,,,q = 2.2 A is applied in the constant current steps, which should
average to a cell current of around I..;; = 550mA. Hydraulically the cells are connected
in parallel as well, but as their hydraulic characteristic is assumed to be equal, all of
them will be delivered with the same flow rate Vo = 6.4mlmin~! combining to the
module flow rate of V,,0q = 25.6 mlmin~1.

Figure shows the SOC of each electrolyte, the current of each cell and the voltage
of each cell (which is equal to the module, as the cells are connected in parallel). After
the simulation was conducted, efficiencies were calculated with the exception of CC. It
was instead set to 96 % (according to results from [5]) as none of the simulated effects
would cause if to differ from 100 %.

As can be seen, the biggest share of the module current is distributed to cell 1, which
is expected as it is the best performing cell. At the end of both discharge phases,
the current distribution changes, like anticipated: Different cell currents cause slightly
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CE | 96.0 %
VE | 70.1 %
EE | 67.3 %

Table 6.2: Mini-Module consisting of 4 cells connected electrically in parallel: Efficiencies

different SOCs in each cell. As can be seen in figure the OCV changes rapidly when
reaching extreme SOC values. The calculated efficiencies seem to be plausible as well.
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7 Conclusions and Outlook

A Micro Model was developed from several existing literature models. It can be used to
conduct simple microscopic analysis of potentials and concentrations, based on design
parameters. The results can be exported to serve as cell characteristics in the Macro
Model.

The developed Macro Model is capable of simulating VRFB modules consisting of
cells of varying performance in different setups. It provides values that can be used
to quantify the module, like voltages, pressure drops and efficiencies. If possible, the
used calculation methods were compared to calculated values or literature. Based on
the results, the model is assumed to be working correct, regardless of whether the parts
were adopted form literature or were developed by the author himself. The results
from simulated polarization curve and charge/discharge cycle measurements also match
the actual measurements qualitatively with minor discrepancies qualitatively. Possible
reasons for the discrepancies were provided. Using LUTs for the data basis has proven to
be an easy way to include characteristics from different sources. Setups can be quickly
altered through the use of addresses. The implemented simulation control allows the
alteration of inputs by a user-defined logic. A small simulation has shown, that the
model is suited to be used as a design tool.

Further development of the model could focus on adding a contact resistance model,
as contact resistances arising due to the wiring are assumed to have a significant impact
on the performance of a given module.

However, the extensive testing of the model also revealed some flaws. The possibility of
realizing every electrical setup of the module decreased user-friendliness. The Simulink-
Matlab interface that had to be utilized for the current distribution in parallel setups, in
the shunt current calculation and the hydraulic distribution produced severe problems
in the testing on multiple occasions. A workaround was eventually found, which would
decrease the user-friendliness even further. However, this problem also prevents the
envisioned method of upgrading the model from module to stack level. The author has
conducted first tests to translate the Macro Model from Simulink to Matlab only and
strongly recommends pursuing this route, as the first results look promising.

After a satisfying module and stack concept is developed, it is also possible to use
the developed model as a baseline for a new, more accurate model, that simulates this
particular setup. Not longer needing the flexibility of simulating a multitude of different
setups and therefore following an approach that tries to predict every possibility, specific
cases can be modeled. Shunt currents in a non-serial setup are a good example. For
strictly serial setups, the equivalent circuit diagram can be set up by periodic equations,
as demonstrated in this work. Connecting cells in a mix of serial and parallel adds
to the complexity of the equivalent circuit diagram to such an extent, that it can’t be
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implemented in a way that supports every possible setup. Creating and solving the
diagram for a specific setup however, only varying things like cell performance and the
geometry of the electrolyte piping, is definitely possible.
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